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" Abstract

The applicability of a enique discharge chamber, previcusly stmdied by VI Miljevic, as the ion
soarce for 2 meso-scale ion thruster was investigated. The di e chamber geometry was chosen due to
prowising reported results which appeared to alleviate the requirement of external magnetic fields while
achieving an adequate degree of ionizaticn. The earlier results from spectroscopic studies on the discharge
chamber mdicated a high degree of ionizaticn, making it 2 candidate configuration for an ion thruster. An
estimaie of the degree of iceization using a simple model of tht discharge ndicated a low achievable
ionization, which stimulated further examinaticn of Miljevic’s wkk. The previous spectroscopic studies
wexe repeated and discrepancies were found. Additional spectr

Oscopic and Langmuir probe measurements
were made in the phune to determine the degree of ionization of the discharge chamber for several

operatmg conditions. The degree of icmization was experimentally shown to be 0.06-0.15%, A simple
extraction ring increases the degree of ionization by roughly a factor of 3,
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L Introduction
A.) Ion Thruster Scaling Issues

The cumrent trend towards smaller spacecraft produces a corresponding requement for smaller
thrusters, Magnetic fields place a lower bound on the size to which traditional ion thmsters can be scaled.!
Full scale ion thrusters use magnetic fields to increase electron path lengths and thus provide the necessary
levels of ionization, The spiraling electrons must have a gyroradius small enough to keep them from
striking the walls of the discharge chamber. Since gyroradi scale wversely with magnetic field strength,
smaller discharge chambers require larger magnetic fields. A practical limit on the magnetic field that <o
be applied to the thruster creates a limit to the smallest size a discharge chamber ¢an be scaled. Another
method of providing adequate degrees of ionization needs to be found for micro jon thrusters,

One possible solution is to enbance the discharge chamber geometry to provide the required degree of
ionization. If this is accomplished for a given size of thruster, then by following simple scaling parameters
the thruster can be scaled to different sizes. The small size and relative simplicity of this type of thmster
would lend itself to being arrayed in relatively large groups of thrusters in order to provide scalability.
There are many different quantities that can be affected when scalimg an electric discharge, mduding the
electric field, breakdown potential, current density, space charge density, and drift vel ocztzy
properties for simple planar electrodes have been extensively smidied and are well wnderstood.® Theve are
threequantmes that must be matched if planar electrode discharges are to be similar. These are pd, E/p and
J/p* where p is the gas pressure, d is the characteristic dimension, E is the electric field, and T is the corrent
density. The pd product determines the breakdown characteristics of the discharge chamber according to
Paschen’s law as shown in Eq. 1, This quantity is a measwre of the nuwber of collisions that a particle
vndergoes during its travel through the discharge chamber. The breskdown potential is

Bpd

' 1
Apd 4)]
In(1+1/y) .

The E/P quanuty dete:m;nes the enexgy gained by a charged particle between collisions. The current
density varies with p* which provides the Townsend similarity relation that for pd and ¥fp* scaling the
discharges will have similar breakdown and electrical characteristics. Much less is known about the
scaling of other types of discharges.

Vix =

B.) Reguirements for iob microthrusters E=3

| There are certain operational capabilities that must be met by & discharge chamber if it 15 to be used In

a small scale ion theuster. By assuming that the Non-Magnetic Ion Micro-Thruster (NMIMT) should have
similar specific power levels for a given L, the necessary degree of ionization for the small scale discharge
| chamber can be estimated. This is reasonable since the required velocity increment for spacecraft does oot
| depend on the spacecraft size. Table 1 shows characteristics of typical full scale ion throsters,

Specific Throst (mN) Size (cm) Specific Power
impulse (s) (WmN)

ETS-VIIES 3000 20 12 37
ion engme

NSTAR 3310 92 30 25

XIPS-13 2585 17.8 13 23

2720 18
RIT-10 RF ion 3000 15 10 39
_engine 3150

Table 1: Representative Characteristics of a Sample of Full Scale Ion Thrusters®
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Thctotalefo:anj;lecuicthnmisﬂzeStmoftheneumam,)and ion components (I,,)) given by

L, =10-a ), +1,.0} ®
where q is the degree of ionization in the thruster. The specific impulse of the jon and neutral components
are given by

1
V. 2(L.602x10°AY |2
I, == V., = 3
g, i {(1.67x10""’ Ymw) @
i
[2(}' +1)AT, T
=\ ¥ m
. Ly =3 @

where 7 is the ratio of the specific beats, k is Boltzmann’s constant, T, is the temperatre of the propetlant
gas,g,iss:zndardgmﬁty.misthemolecularmassofﬂ:epmpeﬂmtgas,vuisﬂxee:dtvdocityoftbegas,
AV is the accelerating voltage applied to the i and mw is the molecular weight of the propellant gas.
The applied power per unit thrust is then given by Eq 5, .

' 4

|
2 l Py +-2'atm(ltp,lgo)2 -
Thr (li’al )I:p.N'hgo +Isp,lal’hgo

4

where Pp, is the discharge power of the thruster and m is the mass flow of the propellant gas through the

thruster. Fig. 1 showstheeffectofdegxeeofionimtiononthespedﬁc-powerandspedﬁchnpulsefoﬂhc
mitial discharge chamber chosen for the NMIMT. The exit diameter for the thruster was 1 A typical

acceleration voltage of 1000 V assumed. The gas temperatore was assumed to be 1000K with the
discharge voltage and cumrent of and 10 mA, respectively.

i
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C.) NMIMT discharpe chamber concept

For over 63.0)' years, hollow anode plasia sources have been vsed in 3 wide variety of applications
mcluding electron beam welding, material processing, and lasers.*  Recently, hollow anode plasma
sources which utilize gas dynamic ring jets have been used in an attempt to increase the degree of
ionization near the exit apermre of the anode.”®® In this configuration, the hollow anode devices resemble
typical large scale (~30 ¢m) ion theusters which utilize magnetic field confinement of the clectrons and ion
accelerating grids. In reviewing the lierature on hollow anode discharges, the work of Miljevic!®!'>'
appeared to be quite interesting from a micropropulsion standpoint. Miljevic used a S-mm hemispherical
cathode with a Jom orifice which acted as the hollow anode. The voltage-current characteristics for this
device appear quite aifractive for ovexall power usage™ and resulis showed that no electrode material was
seen in spectra taken near the exit plane of the thruster mdicating Little ox no degredation.” The most
intriguing result was that no neuntral Iines were detected in spectra taken over a wide range of wavelengths
(220 - 900 nm) implying a rather high degree of ionization in an argon discharge. It appeared worthwhile
to pursue this device as a potential jon source for a micropropulsion system since the high degree of
jonization was obtained without the vse of xeagnetic containment of the electrons.

The discharge chamber shown in Fig, 2has a radius hemispherical, alummun cathode. A 0252
mm diameter propellant inlet was drilled in the center of the cathode and a second 0.5;mm hole was drilled
off axis to allow pressure measorements in the discharge chamber. Opposite the cathode is a l-mm
diameter cylindrical, aluminum hollow anode. The flat inner surface of the electrode was covered with a 5
mil thick mica disk. To operate as a complete thruster the NMIMT would require extraction and
accelerating grids and a plasma charge newtralizer. This imigal mvestigation is interested in the ionization
effectiveness of the discharge chamber only.

Propellant Gas Inlet

10=1mm+ /;(Xj(/’/li\)‘(\‘xx

Anode

Fig. 2 NMIMT Discharge Chamber Schemadc

I1. Theory

A simple model can be used to estimate the degree of ionization m the discharge chamber. The mnsulation
on the inside surface of the outer electrode prohibits the electric field lines from attaching to the surface as
shown in Fig.2. Therefore, the field ines only attach to the hollow anode surface which has a focusing
effect on the electrons that are emitied from the cathode. The electrons amive close to the anode
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accelerated through 2 significant fraction of the acceleration voitage in the catbode fall region. In this
region, they ionize the discharge gas which is flowing through the orifice into the vacoum chamber. The
discharge gases are exposed to the intense electron current for some time <, the residence time in the orifice
of length |, as given in Eq 6.

T=— ©

where v is the velocity at which the neatrals are travelling through the exit orifice. For expansion into a
high vacuim, u; will be approximatel y the speed of sound in the discharg e chamber as given by
. k l
u, = (‘}’—72)2 . @
m;
The electron current in d:eoxiﬁceistakenasldsothattheammtdensityisw&. Due to the
electrons, this ionization rate per unit volume, since nau, = (6.24 x 10°X1/A,), is given by

N, = (6.24x10“)(—2‘:}r,n,, ®

where n, is the electron number deasity, u, is the electron velocity, n4 is the number density in the exit
orifice, A, is the cross-sectional area of the exit orifice, and o; is the electron mopact ionization cross-
section for the propellant gas. 'lhetotalaccumulateddegeeofionizaﬁonhthegas,ass:mhg the
ionization to be relatively small, is given by

[(6.24x18“{;—‘}r,n,,1,]
NIT o d -

u,

©)

Assumingthax(heionmdneutralgasarcﬂowingatmcsamespeed,ugmedegrecofionizaﬁon,cc;,is

given by
a,=M=[<6mxloxs)[£},[L]} o
n, A, u,

AlypicalvaluefortbecmrentdensityinadischaxgeislA/cmz. The electron impact iocnization ross-
section for argon at an energy of 150 eV is 3x107° cm®. The orifice length is 1 mm and the discharge
chamber temperature is assumed t0 be This provides 2 rough estizate of the degree of ionization for
the discharge chamber of 0.6%. Xenon haS'an ionization cross-section of 6x10% em? and has a mass ratio
toargonof3.25providingmi0|ﬁzaﬁondegmeofappmxinmely2%. This does not agree with the
previous spectroscopic results'® which indicate much higher degrees of ionization,

III. Experimental Setup

-

Thewst&dﬁwmedmrcﬁcv&ngmediscbmgedmmbumsaogi’diammsmml&ssmvaczmm
chamber. Vawumpumpingofthechamberwasdonebyarotaryvanemechanimlpumpandan8001/s
tucbomolecolar pump through a side mounted port. The system provided an ultimate pressare in the
chamber of 1x10¥ Torr. ﬁgsmmmwme.mwwandwmw(pm)
pressures for various mass flows.
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Fig. 3 NMIMT Discharge Chambex and Vacuume Chamber Pressure Relationships

Fig. 4 illustrates the optical and plasma probe diagnostic setup for the NMIMT discharge chamber.
The throster can be positioned in two locations 10 allow spectroscopic investigation of the light emitted
axially and noamally to the plmne direction. The collected light is collimaied and focussed on the entrance
slit of a 0.8§\-m double spectrometer. The Langmuir probe is mounted 2.5 cm downstream from the exit
orifice of the discharge chamber with the disk surface normal to the axis of the plume. The diameter of the
probe is 5.5 mm, and it is mounted nommal to the plume flow direction to operate as a stagnation type
Langmuir probe. The current collected by the Langmuir probe is inferred by measuring the voltage drop
across a 1 MQ resistor.

The discharge was operated on argoa to allow comparisons with previous studies® and to
mvestigate the different modes of operation while avoiding the costs of nmning on xemon. A variable
resistor was placed in the power line to aid in the starting of the discharge, The discharge is struck at a
higher voltage than the minimum normal operating voltage at the given pressure. The resistor allows a
bigh voltage to be initially applied to the discharge. As soon as the discharge is struck and current is drawn
the voltage applied to the discharge is lowered to operational levels. The discharge could be operated at
pressures above 0.75 Torr, with discharge corrents up to 15 mA. i
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Transducer
gh Langmuir Probe
Focusing Leas

(o Pomping ‘
yystem B 1 e

~ =TT

e}
. = ! Collimating Lens
stdx.agc Chamber (Variable Position)
i
1
Glass Viewports
4 Fig. 4 Diagnostics Setup >
{
Iv. Rrsnlts
A.) Operating characteristics | ' \
W
Fig. 5 shows the cumreat vprses voltage relationship for the dischrgg-chamber at different operating N 4
pressures. It resembles a typicgl V-1 chdlemeristic for an abnorm ﬁb discharge, Transitions to an ;5109

und&sh*edarcmnotobservedfcrdischargemnmtsupto 10 MA. A light degradstion of the
hmisphaimlmmodewasobsuvedwimitpimwﬂylmwdngarmesmanmoehdm_ No
degradation was observed on the hollow anode . :

—re—— |
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Fig. 5 V-1 Characieristics of the NMIMT Discharge Chamber
B.) Spectroscopy

Two spectroscopic configurations were nsed to analyze the NMIMT discharge c¢hamber plume. The
first was to collect light axially along the plume axis with the collecting lens focused on the exit orifice
(hollow anode). This method is very qualitative in nature because it integrates along the axis collecting
mformanonabomthed:sdmrgeﬁnmthemtmﬁcethmuah the end of the plume, This method was used
tocmnparewxmprewousmults for a similar discharge chamber, 'Ihespectrometerusedwasa!)ﬁ?n
double spectrometer. The slit widths were kept betwoen 50 and 200 pm,

An attexapt was made to run the discharge at the same conditions as during the previous stodies,™® but
limited published infonmation made the direct comparisons difficult. A wide vaciety of operating
conditions were mvestigated and all of the resulting spectra contained neutral lines. Fig. 6 is a spectrum
taken for a discharge crrent of 1.25 mA and a discharge pressure of 0.75 Teer. Fig, 6 shows the strong
neatral lines that were present in the far red portion of the spectrum regardless of the operating conditions
nsed in this research. Although the trend is to reduce the neutral o ion ratios as the discharge cmrent
increases, the nentral Iines in the spectrom are always present. Fig, 7 shows neutral to fon line ratios for the
discharge chamber plurae at a discharpe pressure of 1 Toer.

The other spectroscopic configuration coflects light normal 1o the plume axis at a distance ofi‘?
dowastream of the end of the exit orifice. This method was expected to gain relative imformation about
discharge chamber in different modes of operation; however it provided no mformation since ion lines
were not detected in this mode,
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Fig. 6 Typical Spectrum of the NmTDischarge Chamber
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Fig. 7 Neutral to Ion Line Intensity Ratios at Different Discharge Conditions
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C.) Langmmir probe

Langmuir peobes are common diagnostic tools used to study plasmas.” In the investigation of the
initial discharge chamber chosen for the NMIMT a disk shaped Langmuir probe with a diameter 0,55 cm is
used to measure the ion current at a distance of 2.5 cm downstream of the discharge chamber. The ion flux
is estimated from Eq. 43, by assuming that the jon saturation current was that current collected by the probe
atabias of -180 V.

= 11

where I is the ion saturation carrent collected by the peobe, ¢ is the wnit charge, and A, is the froatal
surface area of the Langmuir probe. The probe is a stagnation pomt type Langmmir probe with its
longitndinal axis normal to the discharge chamber plume. The mean free path at the probe location is
between 60 mm and 12 mm for discharge chamber pressures of 1 and 5 Torr, respectively. The aumber
density at the probe location is primarily due to the plume gas as determined by Eq. 42. The Debye length
at this location in the plume is between 0.2 and 0.5 mm depending on the discharge conditions. The sheath
thickness around the probe is ronghly four times the Debye length; therefore the probe sheath is slightly
smaller than the diameter of the probe. This will canse the results obtained by using the plarar probe
analysis to be only approximate, which is sufficient for the first analysis of the discharge chamber.

By comparing the ion flux to the expected neutral flux at this distzmee, the degree of ionization can
be estimated. Plume expansion into a perfect vacuum will provide an axial number density distribution

given by"
2
n, =nyc; (7{%) 12)

where 1, is the nentral number density along the centerline of the plume at a distance r, away from an
orifice of diameter D,.. C; is a factor that oaly depends on the specific heat rfatio and is 0.15 for argon, If
the neutrals are assmed to be sonic at the exit orifice, the velocity of the neutrals is given by

1
Vi =([ 2 Id}T (13 =
7=1 )md ’

Since the flow is hypersonic and nearly free molecular at the probe positiox}the neutral flux will then be
givea by

o, =n,,ij . (14)

The jonization degree is the ratio of the jon flux to the nevtral flux (¢, /¢, ). Fig. & shows the
experimentally derived degree of ionization for the discharge chamber at different operating conditions.

10
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Fig. 8 NMIMT Discharge Chamber Efficiency

) Asshowninﬁg.s,themnionimﬁonoocmredforadismargedaamberpremnreome
for a given discharge current. The visible plume emanating from the hollow mmode region of the discharge
chamber almost disappeared when ‘gazdi.schargechmnberprmxreoflTou-anda(ﬁscharge
current of 7.5 mA. This condition was near the edge of the operaticnal eavelope of the discharge chamber
as shown by the lower ionization degree than for the same t at higher pressures. The electron
temperature can be estimated by plotting the natural log of T~ L.; the probe potential. L is the icn
saturation Current. 'Iheslopeofmelinciselk'l'.,andﬂ-anthisthcelectrmwmpaamrc,'r.,mnbe
calculated. Fig 9 shows the estimated electron tem:
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Fig. 9 NMIMT Plume Electron Temperamre
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An ion extraction ring was placed near the exit of the hollow anode. The ring has a diameter of 2
cm and was placed 1 cm downstream from the exit orifice. Fig. 10 illostrates the effect of the extraction
ring on the current collected by the Langmuir probe at a discharge chamber pressure of 5 Torr. With a
constant mass flow, the increased probe amm&relat& directly to the degree of ionization in the plume.
Fig. 10 shows the normalized probe current vfrses the exiraction ring potential where L, is the current
collected by the probe with zero bias on the ring.

8 3
= .
S 25- . *
15 R
E 2 L
o
2151
o
__§ 14
g .
5 0.5
=
0 T 1 + 1] T
0 100 200 300 400 500 600
Extraction Ring Voltage (-V)

Fig. 10 Exuaction Ring Effect on Discharge Chamber Plume

V. Conclusions

The initial discharge chamber chosen for the NMIMT is shown to provide a lower degree of ionization than
previons spectroscopic results indicated, A simple model predicts that the degree of ionization produced by
the discharge chamber while running on argon is 0.6%. Attempts to reproduce earlier results failed,
possibly due to insufficient published data on precise operating conditions. Langmuir probe measuremnents
indicate that the discharge chamber provided a degree of fonization voder 0.15%, The simple model is
expected to overestimate the degree of ionization provided byithe discharge chamber because it does not
take mto account the losses of jons and electrons to the walls. Spectroscopic stodies foond very strong
neuteal lines in the exhanst plume of the discharge chamber, which is contrary to the resnlts of Miljevic. A
simple extraction device was added to mncrease the degree of iomization in the ¢xhaust phrme. The
extraction ring was able to peovide ronghly 3 times the plome ionization compared to the vnextracted case.
Further work is required to investigate potential schemes to increase the ionization degree.

12

PAGE

13/1:




—
JUN-04-938 11:38 FROM: ID:2137407774 -PAGET 148/%.

AJAA 99-2854

References

1. Yashko, G, Giffin, G., Hastings, D., “Design Considerations for Ion Microthrusters,” IEFC 97-072,
August 1997. "

2. Mixon, P.D, Griffin, S.T, Williams, J. C, “Breakdown Voltage Scaling Characteristics of an
Argon Hollow Cathode Discharge,” Applied Spectroscopy, 47, 10, pp 1567-1570, 1993,

3. Filliben, Jeff D., “Electric Propulsion for Spacecraft Applications,” CPTR 96-64, December 1996.

4. Allen, W.D., Hale, D.P., “Energy Distribution of Fast Flectrons Present in Beams from Hollow
Anode Gas Discharge Electcon Guns,” J. Phys., 3,-pp 1912-1918, 1970.

5. Dugdale, RA., “The Application of the Glow Discharge to Material Processing,” J, Material Science,
1, pp 160-169, 1966. —_—

6. Zhang, Z, Percy, N, Tobin, T. “Magnetic Field Enhanced Performance of a Copper Hollow Anode
Cathode Lasez,” J. Appl. Phys., 71, 11, pp 5338-5343, 1992,

7. Pham-Van-Diep, G, Weaver, DP, Dewitt, D., Trelles, J., Randolph, T., Mumatz, EP,
“Properties of an Enexgetic O Atom Stream from a Gas Discharge Source,” AIAA paper 90-1560, 1990.
k3

8. Ketsdever, AD., Muntz, EP, Weaver, DP., “A Facility to Produce an Energetic, Ground State
Atomic Oxygen Beam for the Simulation of the Low Earth Orbit Environment” NASA Conference ok
Publication 3280, pp 121, 1994,

9. Ketsdever, A.D., “The Production of Energetic Atomic Beams via Charge Exchange for the Simulation
of the Low-Eart Orbit Eovironmeat,” Ph.D. Thesis, University of Southern California, Avgust 1995,

10. Miljevic, V.I, “Spectroscopy of hollow anode discharge,” Applied Optics, 23, 10, pp 1598-1600,
15 May 1984.

11. Miljevic, V., “Hollow anode jon-electron source,” Rev. Sci. Instrona, 55, 6, pp 931-933, 1984.
ettt ettty

12. Miljevic, V1, “Characteristics of the hollow anode. ion-electron source,” YERE Transactions on
Nuclear Science, HS-32, 5, pp 137-138, October 1985.

13. Miljevic, Vajol., “Optical characteristics of the hollow anode discharge,” J. Appl. Phys. 59, 2, pp
676-678, 22 July 1985.

14. Swift, JD.,, Schwar, MIR. (1969) Electrical Probes for Plasma Diagnostics, American Elsevier:
New York.

15. Ashkemes, H., Sherman, F.S., “Structre and utilization of supersonic free jets m low density wind
tunnels,” In: de Leeaws J Ed. Rarefied Gas Dynamics. 84-98 New York Academic Press, 1966.

13




